Recent evidence suggests that intracellular Zn 2؉ accumulation contributes to the neuronal injury that occurs in epilepsy or ischemia in certain brain regions, including hippocampus, amygdala, and cortex. Although most attention has been given to the vesicular Zn 2؉ that is released into the synaptic space and may gain entry to postsynaptic neurons, recent studies have highlighted pools of intracellular Zn 2؉ that are mobilized in response to stimulation. One such Zn 2؉ pool is likely bound to cytosolic proteins, like metallothioneins. Applying imaging techniques to cultured cortical neurons, this study provides novel evidence for the presence of a mitochondrial pool distinct from the cytosolic protein or ligand-bound pool. These pools can be pharmacologically mobilized largely independently of each other, with Zn 2؉ release from one resulting in apparent net Zn 2؉ transfer to the other. Further studies found evidence for complex and potent effects of Zn 2؉ on isolated brain mitochondria. Submicromolar levels, comparable to those that might occur on strong mobilization of intracellular compartments, induced membrane depolarization (loss of ⌬m), increases in currents across the mitochondrial inner membrane as detected by direct patch clamp recording of mitoplasts, increased O2 consumption and decreased reactive oxygen species (ROS) generation, whereas higher levels decreased O2 consumption and increased ROS generation. Finally, strong mobilization of proteinbound Zn 2؉ appeared to induce partial loss of ⌬m, suggesting that movement of Zn 2؉ between cytosolic and mitochondrial pools might be of functional significance in intact neurons.
is present in all cells, but may have unique roles in the brain, where it is localized in presynaptic vesicles of many excitatory terminals, is released with synaptic activation, and appears to be a physiologically relevant modulator of excitatory neurotransmission (1) . Under conditions of excessive presynaptic release, as occurs in epilepsy or ischemia, substantial synaptic Zn 2ϩ levels may be achieved (1) . Observations that Zn translocation'') contributes to the neuronal injury observed in these conditions (1) .
Recent observations suggest that translocation only explains a part of Zn 2ϩ dynamics, with mobilization of cytosolic protein-or ligand-bound Zn 2ϩ pools likely contributing critically to Zn but still show cytosolic Zn 2ϩ accumulation in pyramidal neurons after epilepsy (2) , suggesting that strong synaptic activity can induce Zn 2ϩ release from intracellular sites of sequestration in the absence of translocation. One likely source of such Zn 2ϩ accumulation is Zn 2ϩ binding proteins, like metallothioneins (MTs). These proteins are widely expressed, present at high levels in brain, and reversibly bind Zn 2ϩ with high affinity and large capacity (seven or more Zn 2ϩ ions per molecule) (3) (4) (5) (6) . Recent studies have indicated that Zn 2ϩ is released from MTs in response to disulfide containing oxidants, such as oxidized glutathione (GSSG) or 2,2Ј-dithiodipyridine (DTDP), leading to the suggestion that these pools might be mobilized in response to changes in the redox potential of the cell (7, 8) . Consistent with this idea, disulfide oxidants have been found to induce mobilization of intracellular Zn 2ϩ in cultured neurons (9) .
Mitochondria constitute another likely site of intracellular Zn 2ϩ sequestration. In previous studies we have found that, on strong cytosolic loading, Zn 2ϩ is taken up into these organelles, from which it can be subsequently released in a Ca 2ϩ dependent fashion (10, 11) . Zn 2ϩ accumulation in mitochondria may not be benign, as Zn 2ϩ has been found to interfere with the function of isolated mitochondria (12) (13) (14) (15) (16) (17) (18) (19) and mitochondria are therefore likely to be sites at which this cation induces injurious effects on neurons (20, 21) .
In this study we present novel evidence for the presence of Zn 2ϩ pools in neuronal mitochondria under basal conditions. We further find that both mitochondrial and cytosolic Zn 2ϩ pools can be mobilized largely independently of each other, with mobilization from either appearing to result in net Zn 2ϩ transfer to the other. Additional studies demonstrate potent and complex effects of Zn 2ϩ on isolated brain mitochondria, with submicromolar levels opening large conductance channels in the inner mitochondrial membrane, increasing O 2 consumption and decreasing ROS generation. Finally, strong mobilization of presumptive cytosolic protein-bound Zn 2ϩ in intact neurons appeared to induce partial loss of ⌬ m , suggesting possible functional significance of Zn 2ϩ movement between cytosolic and mitochondrial pools.
Materials and Methods
Materials. Dichlorodihydrofluorescein diacetate (H 2 DCFDA), FluoZin-3 AM, MitoTracker Green, and rhodamine 123 were purchased from Molecular Probes (Eugene, OR). RhodZin-3 AM was synthesized at Molecular Probes. MK-801 was purchased from Research Biochemicals (Natick, MA). D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) was purchased from Tocris (Ballwin, MO). 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(F)quinoxaline (NBQX) was kindly provided by Novo Nordisk (Malov, Denmark). 2,2Ј-dithiodipyridine (DTDP), cyclosporin A (CSA), carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP), and N,N,NЈ,NЈ-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) were obtained from Sigma. Tissue culture media and serum were from Life Technologies. All other chemicals and reagents were obtained from common commercial sources.
Animal Cell Cultures. All animal procedures were approved by the institutional animal care and use committee. Adult male Sprague-Dawley rats were used for isolated mitochondrial experiments. Murine cortical cultures were prepared from embryonic Swiss-Webster mice and neurons plated on astrocytic monolayers on polylysine ϩ laminin coated coverslips as described (22) .
Isolated Mitochondrial Experiments. Isolated mitochondria were prepared largely as described (17, 23, 24) . Mitoplast recording was carried out largely as originally described (25) with slight modifications. Mitochondria were placed in hypoosmotic media (30 mM KCl͞20 mM Hepes, pH 7.2) for one half hour before recording. Patch clamp electrodes (40-80 M⍀) contained 150 mM KCl͞20 mM Hepes, pH 7.2. Patch potential was maintained at voltages between Ϫ100 mV and ϩ100 mV for periods of 10 s. Data were collected at 20 kHz and filtered at 500-1,000 Hz.
For other studies, mitochondria were suspended in respiration buffer (250 mM sucrose͞20 mM Hepes͞2 mM MgCl 2 ͞2.5 mM inorganic phosphates͞0.1% BSA, pH 7.2). Mitochondria isolated under these conditions are well coupled with respiratory control ratios Ͼ5 (26) . ⌬ m and oxygen consumption were measured by using electrodes sensitive to tetraphenylphosphonium cation (TPP ϩ ) and a miniature Clark-type electrode respectively, in a sealed, thermostated and continuously stirred chamber. Mitochondria were added to the chamber to yield a final protein concentration of 1 mg͞ml. ROS production was measured by using the indicator H 2 DCFDA as described (24) . Briefly, 200-250 g of isolated mitochondrial protein was incubated in a total volume of 200 l of respiration buffer at 37°C for 15 min in the presence of 10 M H 2 DCFDA, which was made fresh before each use. The relative amounts of mitochondrial ROS and H 2 O 2 produced were measured by using a fluorometric plate reader (excitation, 490 nm; emission, 526 nm). Experiments were carried out by using a simplified Ca 2ϩ -free Hepes-buffered medium (HSS) whose composition was: 120 mM NaCl͞5.4 mM KCl͞0.8 mM MgCl 2 ͞20 mM Hepes͞15 mM glucose͞10 mM NaOH, pH 7.4. Series of confocal images (seven planes each 2 m deep) were obtained by using either an Olympus fluoview (Olympus USA, Melville, NY), or a Bio-Rad MRC 600 (Bio-Rad) confocal system equipped with ϫ60 and ϫ40 objectives, respectively, and argon (Ex: 488 nm; Em: Ͼ510 nm, for MitoTracker Green) and krypton (Ex: 568 nm; Em: Ͼ648 nm, for RhodZin-3) lasers.
Non-Confocal Microfluorimetric Studies. Fluorescence imaging was carried out by using an inverted microscope with a xenon lamp, filter wheel, a ϫ40, epifluorescence oil immersion objective, and a green fluorescence cube (Ex: 490 nm, dichroic: 510 nm, Em: 530 nm). Images were acquired with a 12-bit digital chargecoupled device camera, and analyzed (after background subtraction from a cell-free region of the dish) with (the fluorescence rapidly approached a maximum), and F min was obtained by adding the cell permeable Zn 2ϩ chelator TPEN (20 M) (21). The ⌬⌿ msensitive probe, rhodamine 123, was loaded (2 g͞ml) in bicarbonate containing buffer (25 min, 37°C͞5% CO 2 ). To compensate for cell-to-cell variability in dye loading, rhodamine 123 fluorescence measurements for each cell (F x ) were normalized to the fluorescence intensity for that cell at the beginning of the experiment (F 0 ). In previous studies on neurons that had been subjected to cytosolic Zn 2ϩ loading (as above, by depolarizing neurons in the presence of extracellular Zn 2ϩ ), subsequent induction of mitochondrial depolarization (by addition of the mitochondrial protonophore, FCCP), or of rapid Ca 2ϩ entry [by exposure to the glutamate receptor agonist, N-methyl-D-aspartate (NMDA)] induced release of mitochondrial Zn 2ϩ to the cytosol (11). However, those studies used a relatively low-affinity Zn 2ϩ probe, Newport Green, which was unable to detect endogenous Zn 2ϩ in the absence of prior loading. In the present study, to examine the possibility that these stimuli can induce release of Zn 2ϩ present in mitochondria under basal conditions, we have used a new high-affinity cytosolic Zn 2ϩ probe, FluoZin-3 AM (K d Ϸ15 nM; ref. 28) . In cultures loaded with this dye, exposure to either FCCP (3 M) or to NMDA (50 M) caused a small (Ϸ1-3 nM) increase in cytosolic free Zn 2ϩ concentration ([Zn 2ϩ ] i ) (Fig. 1C) .
Results
[Zn 2ϩ ] i rises in response to FCCP occluded subsequent responses to NMDA (Fig. 1C) , suggesting a common source of the Zn 2ϩ .
As discussed above, there is considerable evidence for the presence of substantial pools of protein-bound Zn 2ϩ in neurons. To determine the size of these pools, FluoZin-3 loaded cultures were exposed to the disulfide oxidizing agent DTDP, which induces slow release of Zn 2ϩ from MTs (29 Table 1 ). These findings are not because of direct pH effects on FluoZin-3, as the behavior of this probe is unaffected by changes in pH over a range from 6.0 to 9.0 (28). We next used sequential exposures to FCCP and DTDP to examine the possibility that endogenous Zn 2ϩ ions can move between these two sites of sequestration. After exposing neurons to FCCP, subsequent responses to DTDP were considerably increased, consistent with movement of Zn 2ϩ from mitochondrial to protein-bound sites (Fig. 2C) . However, the converse maneuver, DTDP followed by FCCP, did not result in an iologically or under pathological conditions? In prior studies we found Zn 2ϩ to be a remarkably potent inducer of swelling in isolated brain mitochondria (17) . Extending these studies, we have begun to examine other effects of Zn 2ϩ on isolated mitochondria. As Zn 2ϩ dependent mitochondrial swelling is likely to reflect opening of the high conductance mitochondrial permeability transition pore (mPTP) (15, 17) , we first assessed the potency with which Zn 2ϩ induces loss of ⌬ m , by measuring changes in uptake of the charged compound TPP ϩ into the mitochondrial matrix (32) . Paralleling prior studies on swelling, submicromolar levels (40 pmol͞mg of mitochondrial protein) caused rapid loss of ⌬ m (Fig. 3A) . Because either mPTP opening or inhibition of electron transport could account for loss of ⌬ m , further experiments examined Zn 2ϩ effects on O 2 consumption across a wide range of Zn 2ϩ concentrations (40 pmol to 400 nmol per mg of protein). As would be expected on mPTP opening with consequent dissipation of the proton gradient and uncoupling of electron transport from ATP production, submicromolar levels of Zn 2ϩ increased O 2 consumption. Higher levels (40-400 nmol͞mg) decreased respiration, consistent with known inhibitory effects on electron transport (12-14, 16, 19) , (Fig. 3C ).
To more directly examine possible Zn 2ϩ modulation of mitochondrial channel activity, we undertook direct electrophysiological recording of currents in isolated mitoplasts. The inner mitochondrial membrane contains a multiconductance, nonselective channel that is sensitive to CSA and is activated by high levels of matrix Ca 2ϩ (33) (34) (35) (36) . We tested the possibility that opening of this channel might underlie the loss of ⌬ m observed in Zn 2ϩ -treated mitochondria. We recorded from mitoplasts, prepared by incubating mitochondria in hypotonic solution (23, 25, 33) . Control recordings obtained in solutions lacking either Zn 2ϩ or Ca 2ϩ often contained multiconductance channel activity, but this activity could occasionally be inhibited by the ) , and͞or Zn 2ϩ , as indicated. Note the decrease in ROS production induced by FCCP, consistent with uncoupling, and the expected increase in ROS generation caused by the mitochondrial ATPase inhibitor oligomycin (which hyperpolarizes mitochondria). Further note the decrease in ROS generation caused by TPEN, its reversal by addition of equimolar Zn 2ϩ , the decrease in ROS generation caused by a slight excess of the cation over TPEN (consistent with uncoupling), and finally the increase in ROS generation by addition of a larger amount of Zn 2ϩ (consistent with inhibition of electron transport). In C and D, data were analyzed by using an ANOVA and subsequent Fisher's least significant difference test (n ϭ 6). Bars represent group means Ϯ SEM; asterisks indicate P Ͻ 0.01. addition of chelators (EGTA or TPEN) to the bath (data not shown). In over 50% of patches, addition of Zn 2ϩ (300 nM) to the bath caused a marked increase in channel activity (n ϭ 6͞11; Fig. 3B ). The channel activity resulted in a multiconductance state with conductances ranging from Ϸ50 pS to 1 nS. The current͞voltage relationship of this activity was linear (Fig. 3B) . To compare Zn 2ϩ -activated channel activity to the behavior of the mPTP, we recorded channels before and after the addition of CSA. When channel activity appeared in the presence of Zn 2ϩ , or was markedly increased by Zn 2ϩ , CSA (5 M) inhibited this activity in three of seven patches (Fig. 3B) . This finding suggests that the Zn 2ϩ -induced activity may be less sensitive to CSA than that described previously for the giant inner membrane channel (34, 37) .
Finally, like O 2 consumption, mitochondrial ROS production depends on ⌬ m (38, 39) ; mPTP opening should cause mitochondrial uncoupling and decreased ROS generation. Consistent with such a mechanism, submicromolar Zn 2ϩ (which reduced ⌬ m and increased respiration) also reduced ROS formation (detected with H 2 -DCFDA). Conversely, higher concentrations of Zn , it is pertinent to consider whether movement of Zn 2ϩ in or out of neuronal mitochondria has physiological relevance in neurons. One level at which mitochondria can be regulated is their ⌬ m , which provides the proton motive force and is thus essential to ATP production. Changes in ⌬ m can be assessed by using charged mitochondrially sequestered dyes, like rhodamine 123, that accumulate in mitochondria in proportion to ⌬ m . With loss of ⌬ m , cellular rhodamine 123 fluorescence increases, because of dequenching of the dye on exiting mitochondria. When the protein-bound Zn 2ϩ pool was mobilized by addition of DTDP at pH 6, a mild increase in fluorescence was seen, indicative of a partial loss of ⌬ m . Furthermore, the fluorescence increase was attenuated by TPEN (20 M) , indicating that Zn 2ϩ contributes directly to the loss of ⌬ m (Fig. 4) . ] i . Consistent with this idea, prior exposure to FCCP increased subsequent response to DTDP, suggesting the occurrence of a relocation of mitochondrial pools into cytosolic binding sites (Fig. 2C) . However, whereas disulfides like DTDP cause a slow and reversible release of Zn 2ϩ from MTs, acidification appears to rapidly destabilize the interaction between MTs and Zn 2ϩ , and thus shifts the equilibrium to favor free Zn 2ϩ remaining in the unbound state (30) . This model may be consistent with our observations that although acidification to pH 6 in itself had relatively little effect on [Zn 2ϩ ] i , this maneuver dramatically increased the [Zn 2ϩ ] i rises (often to tens of nM) seen on exposure to either FCCP or to DTDP.
Discussion
Studies on isolated neuronal mitochondria document powerful and complex effects of Zn 2ϩ . In our prior studies we found submicromolar Zn 2ϩ levels (40 pmol͞mg) to induce swelling of brain mitochondria comparable to that elicited by far higher Ca 2ϩ exposures (50 nmol͞mg). Present studies provide further characterization of Zn 2ϩ effects on mitochondria, demonstrating highly potent loss of ⌬ m . Furthermore, direct patch clamp recording of mitoplasts revealed that submicromolar levels of Zn 2ϩ have powerful stimulatory effects on multiconductance cation channels in the inner mitochondrial membrane that were often blocked by CSA, consistent with Zn 2ϩ activation of the mPTP. In addition, studies of effects on O 2 consumption and ROS generation suggest biphasic effects of Zn 2ϩ , with low levels causing an increase in O 2 consumption and decrease in ROS generation consistent with this increased membrane permeability, whereas higher levels decreased O 2 consumption and increased ROS production, compatible with findings suggesting that Zn 2ϩ inhibits components of both the TCA cycle and the electron transport chain in liver mitochondria (12-14, 16, 19) . Surprisingly, addition of the high affinity Zn 2ϩ chelator, TPEN, also decreased ROS generation, and this effect was reversible by adding back an equimolar amount of Zn 2ϩ , raising the possibility that Zn 2ϩ present in mitochondria under basal conditions might have some effect on electron transport through the chain. Interestingly, MTs were recently observed to be taken up into isolated liver mitochondria and inhibit electron transport in proportion to the amount of Zn 2ϩ bound (18) , providing precedent for the possibility that MT-bound Zn 2ϩ might modulate mitochondrial function. Our studies of Zn 2ϩ effects on isolated brain mitochondria demonstrate potent effects to occur at concentrations that may be comparable to those observed in intact neurons during strong mobilization of protein-bound pools. Indeed, present observations suggesting that strong mobilization of endogenous Zn 2ϩ in intact neurons caused a partial loss of ⌬ m may be compatible with potent modulation of mitochondrial membrane conductances by Zn 2ϩ , and lend support to the possibility that intracellular Zn 2ϩ pools play a role in physiological or disease associated alterations in mitochondrial function. For instance, increased mobilization of intracellular Zn 2ϩ in an acidic environment could contribute to mitochondrial dysfunction in pathological conditions like cerebral ischemia, in which parenchymal acidosis is prominent (42, 43) .
